Abstract Hawthorn (Crataegus spp.) is an edible wild fruit that is used in traditional medicine, landscape studies, and food and beverage industries in many countries. It is an important wild plant species in Turkey and is numerous in the Yozgat Province. Genetic and breeding studies on hawthorn are very limited. Therefore, we aimed to characterize 91 hawthorn genotypes using simple sequence repeat (SSR) markers. The SSRs were developed from apple and pear and were screened in hawthorn for amplification and polymorphisms. A total of 265 alleles were detected from thirty-two SSR primer pairs, and those were used to identify genetic relationships. The number of alleles ranged from 2 to 21 alleles per locus with a mean value of 8.28. The Hi05b09 locus showed the highest allele number (Na = 21). The polymorphism information content (PIC) values ranged from 0.16 (CH03d10) to 0.89 (C6554) with a mean value of 0.60. An Unweighted Pair Group Method with Arithmetic Average method was used to cluster the genotypes, and four major clusters were obtained from the amplification of the SSRs. STRUC-TURE software identified four populations (DK = 4) and eight sub-populations (DK = 8), and four major clusters similar results to UPGMA analysis. Our study showed that the SSR markers could be utilized as a reliable tool for the determination of genetic variations and relationships of hawthorn genotypes. A basic molecular analysis on the hawthorn genotypes identified in this study will promote the collection of germplasm collection and the selection of parents' in future cross-breeding studies.
Introduction
Plants are a source of natural wealth to countries worldwide in the form of oil and other underground sources (Nas 2012) . There are 1225 species and 9000 taxa that belong to 163 families in Turkey's flora, of which 3000 are endemic species. This indicates that Turkey is wealthy in plant resources (Ö zgen et al. 2000) . Hawthorn is a wild species that grows naturally in the Aegean and the eastern, southern, central, and northern Anatolia regions (Dönmez 2004; Ercisli 2004) .
The genus Crataegus ranges from small shrubs to trees that are yellow to black, it produces an important wild fruit, and there are 200 species worldwide with 21 species occurring in Turkey. Hawthorn is a common edible wild fruit in Turkey that has rich nutrients important for human health and nutrition. It is a genetically important pome fruit that grows in the different ecological conditions of Turkey. Hawthorn is not only cultivated in Turkey but is also used traditionally by herbalists, in landscape studies, and in the food and beverage industries in other countries.
Hawthorn breeding studies are limited in Turkey. In the literature, some characteristics of hawthorn genotypes, such as fruit size, plant habitat, leaf properties, and phytochemical substances, have been determined, however, these studies are limited, and many genetic materials could not be controlled. Loss of genetic material is easy, but its recovery is almost impossible. The selection and preservation of genetic material is of importance for future breeding and development studies. The selection, propagation, and preservation of genotypes are possible with many methods, including current molecular breeding methods. Simple sequence repeats (SSRs) are widely used because they are codominant, suitable for automation, highly polymorphic, rapid, and reliable. The previous literature is limited on data regarding the selection and characterization of hawthorn species.
Molecular markers are used to determine the genetic relationships within plant populations with almost 100% reliability. Additionally, molecular markers are utilized in plant systematics, plant breeding, and the evaluation of genetic resources (Gülşen and Mutlu 2005) . Many molecular methods are used in characterization studies, such as Restriction Fragment Length Polymorphism (RFLP), Random Amplified Polymorphic DNA (RAPD), InterSimple Sequence Repeats (ISSR), Amplified Fragment Length Polymorphism (AFLP), and SSRs (Tanksley et al.1989; Williams et al.1990; Zietkiewicz et al. 1994; Vos et al.1995; Kafkas et al. 2006a) . Although RAPD and ISSR techniques were commonly used in previous molecular characterization studies for the genus Crataegus, SSR methods are more useful than RAPD and ISSR for studying plant genetics and breeding. SSR markers are highly polymorphic, codominant, dependable, and convenient. In many previous studies, SSR markers were used for the molecular characterizations of many plants, such as apricot (Wang et al. 2011 ), strawberry (Govan et al. 2008 , apple (Potts et al. 2012) , pistachio (Zaloglu et al. 2015) , and walnut (Ikhsan et al. 2016) .
A study on this less-common cultivar is of interest because of its potential importance in horticulture. The objective of this study was to complete the molecular characterization of individual hawthorn genotypes that are maintained in the Yozgat Province of Turkey using SSR markers, which will help establish the potential sources of breeding material for future uses of hawthorn.
Materials and methods

Plant material
Exactly, 91 different genotypes of Crataegus spp. collected from the Yozgat province of Turkey were used as study material (Table 1) .
DNA extraction
Extraction of total genomic DNA of frozen leaves was done by the CTAB method following the protocol described by Doyle and Doyle (1987) with minor modifications (Kafkas et al. 2006b ). The DNA yield and quality were measured by Qubit Fluorometer (Invitrogen) using standard operating protocols. The isolated DNA was subsequently diluted to 10 ng/ll for SSR-PCR reactions and stored at -20°C.
SSR-PCR reactions
One-hundred SSR primers derived from apples and pears were used to screen eight genotypes of hawthorn. A set of 32 polymorphic SSRs was selected for the characterization of 91 hawthorn genotypes ( Table 2 ).
All SSR-PCR reactions were done based on a threeprimer strategy according to Scheulke (2000) with minor modifications. The reactions were done in a total volume of 12.5 ll containing 10 ng DNA, 75 mM Tris-HCl (pH 8.8), 20 mM (NH 4 ) 2 SO 4 , 2.0 mM MgCl 2 , 0.01% Tween 20, 200 lM of each dNTP, 10 nM M13 tailed forward primer at the 5 0 end, 200 nM reverse primer, 200 nM universal M13 tail primer (5 0 -TGTAAAACGACGGCCAGT-3 0 ) labeled with FAM, VIC, NED or PET dye, and 0.6 U of Taq DNA polymerase. PCR amplifications were carried out in two successive steps. The first step involved initial denaturation at 94°C for 3 min, followed by 28 cycles of 94°C for 30 s, 58°C for 45 s and 72°C for 60 s. The second step included 10 cycles of 94°C for 30 s, 52°C for 45 s and 72°C for 60 s, and a final extension at 72°C for 5 min. The completed PCR reactions were denatured for use in capillary electrophoresis in an ABI 3130xl genetic analyzer [Applied Biosystems Inc., Foster City, CA, USA (ABI)] using a 36-cm capillary array with POP7 as the matrix (ABI). In order to cause denaturation of the samples, 0.5 ll (in 6-FAM and VIC labeled primers) or 1.0 ll (in NED and PET labeled primers) of the amplified product were mixed with 0.3 ll of the size standard and 9.7 ll of Hi-Di formamide. The fragments were resolved using the ABI data collection software v3.0, and SSR fragment analysis was performed with the Genmap v4.0 (Applied Biosystems Inc.).
Data analysis
After capillary electrophoresis of the SSR loci, the number of alleles per locus (Na), effective number of alleles (Ne), expected heterozygosity (He) and observed heterozygosity (Ho) were computed using the GenAlEx version 6.5 program (Peakall and Smouse 2012) . Calculation of polymorphism information content (PIC) for the loci was done by PowerMarker software version 3.25 (Liu and Muse 2005) . A dendrogram was obtained using Jaccard coefficient in NTSYSpc v2.21c (Rohlf 2009 ) software by an unweighted pair-group method with arithmetic averages (UPGMA).
Population structure and identification of admixed individuals was performed using the model-based software (Pritchard et al. 2000) in which a number of populations (K) are assumed to be present that is characterized by a set of allele frequencies at each locus. Individuals in the sample are assigned to populations (clusters), or jointly to more populations if their genotypes indicate that they are admixed. Delta K determines probable population number using Ln P (D) values (logarithm probability for each K). The term Delta K is calculated by change ratio of logarithm probability (DK = 2 to DK = 10). The information about probable population number was shown by the highest K of Delta K in the diagram.
Results
In the current study, 32 of 100 SSR polymorphic primer pairs generated scorable and polymorphic bands that were subsequently used for fingerprinting all of the hawthorn genotypes.
Polymorphism levels of SSR loci
Among the 100 SSR primer pairs utilized to fingerprint the 91 hawthorn genotypes, 32 SSR markers produced a monomorphic band, 36 SSR markers failed to amplify specific DNA targets, and the remaining 32 SSR markers generated scorable polymorphic bands that were subsequently used for characterization of the hawthorn genotypes ( Table 2 ). The transferability rate of the 100 SSR loci was 64%, while the polymorphism rate was 50% in the amplified loci. Among the 91 genotypes, a total of 265 alleles were detected. The number of alleles revealed by the SSR analysis ranged from 2 to 21 alleles per locus (Table 3) with a mean value of 8.28 alleles per locus. The highest allelic number (Na = 21) was given by the Hi05b09 locus. The number of effective alleles ranged from 1.21 (CH03d10) to 9.46 (C6554) with a mean of 3.84 (Ne). The observed heterozygosity varied from 0.00 to 1.00 with a mean of 0.65. Observed heterozygosity was determined to be higher in the CTG105511 and the Hi21e04 loci compared to other loci. The average value of expected heterozygosity was 0.64, and the highest value (0.89) was observed in the C6554 locus. The polymorphism information content values ranged from 0.16 (CH03d10) to 0.89 (C6554) with a mean PIC value of 0.60 (Table 3) .
Genetic relationships among hawthorn genotypes
The UPGMA algorithms that the dendrogram generated, revealed the relationships among the genotypes and are shown in Fig. 1 . The genetic similarity coefficients ranged from 0.38 to 1.00. The dendrogram was grouped into four (Fig. 1) . Thirty genotypes belonged to Cluster-I, and the Karaelli1 and Kadışehri2, Karaelli4 and Azizli1, and Ş ahintepe1 and Ş ahintepe2 pairs were identical (Fig. 1) . The lowest genetic similarity coefficient (0.43) was scored by the Kürkçü1 and Albatros7 genotype pair in Cluster-I. Moreover, Ş ahintepe3 and Albatros1 were found to be very close to each other with a 0.94 similarity value.
Fifteen genotypes were in Cluster-II, and the Cezaevi1 and Cezaevi4, and Alemdar6 and Ç amlık5 pairs displayed the highest genetic similarity coefficient (0.95). The lowest (0.33) value was scored by the Azizli2 and Büyükören genotype pair. Furthermore, Hattuşaş2 and Azizli2 were closely related with a 0.91 similarity value.
Thirty-eight genotypes were in Cluster-III. Several pairs of genotypes could not be separated within Cluster-III. The highest genetic similarity coefficient (0.85) was obtained by the Agıllı2 and Ç ekerek1 genotype pair. The lowest (0.35) similarity value was scored by the Baraj7 and Kadışehri4 genotype pair in Cluster-III.
Eight genotypes were in Cluster-IV. The highest genetic similarity coefficient (0.96) was scored by the Poyrazlı and Sırçalı2 genotype pair. The lowest (0.59) similarity value was scored by the genotype pairs of Lök1 and Topaktaş and Lök1 and Akbucak1.
Structure analysis
Similar to the NTSYSpc v2.21c, the structural genetic analysis was performed on the 91 hawthorn genotypes using 32 amplified loci with the STRUCTURE and Structure Harvester programs. All the genotypes were divided into four main clusters, similar to the results of the UPGMA analysis (Fig. 1) . The highest Delta K (DK) value occurred at DK = 4 (Fig. 2) , which corresponded to the most probable number of populations, and DK = 8 corresponded to the number of sub-populations in the study (Figs. 2, 3 ). According to DK = 4, the 1-30 genotypes grouped in Cluster-I, 31-45 were in Cluster-II, 46-83 were in Cluster-III, and 84-91 were in Cluster-IV. Furthermore, in DK = 4, genotypes 34, 41, 79, and 91 had mutual alleles inside and outside of the assigned clusters (Figs. 1, 3 ).
Discussion
SSR markers are a fast and reliable DNA-based marker technique. Thirty-two polymorphic SSR primer pairs, including 3 SSRs from pear and 29 SSRs from apple, were used in this study. Zhang et al. (2008) , Khiari et al. (2015) and Emami et al. (2018) also used SSRs developed from apple and pear. Few studies in the literature have evaluated the molecular characterization of hawthorn genotypes (Zhang et al. 2008; Dai et al. 2009; Rajeb et al. 2010; Yilmaz et al. 2010; Beigmohamadi and Rahmani 2011; MirAli et al. 2011; Serce et al. 2011; Khiari et al. 2015; Rahmani et al. 2015; Erfani-Moghadam et al. 2016; Fang et al. 2017; Emami et al. 2018) . In the current study, we present polymorphic SSR loci for hawthorn that were developed from apple and pear (Table 3) . The transferability of the tested SSR loci was relatively high. Gasic et al. (2009) reported the transferability of apple SSRs across Rosaceae ranged from 25% in apricot to 59% in pear. The transferability of pear SSRs across Rosaceae was also studied by Fan et al. (2013) and ranged from 58.2% in apple to 11.9% in cherry. In addition, Lo et al. (2009) identified 23 SSRs from apple, and 13 (56.5%) were transferable to hawthorn. The transferability ratio was higher in our study than the previously mentioned studies. Additionally, the rate of polymorphisms within the transferable hawthorn SSRs was lower in other studies than the 32% calculated in this study.
Many studies report that SSR loci with highly relevant transferability can be useful in estimating the molecular fingerprinting within the Rosaceae family (i.e. Crataegus spp.). In a study by Zhang et al. (2008) , 100 polymorphic SSR loci were screened for 37 hawthorn genotypes, and a total of 91 alleles were detected. The number of alleles revealed by the SSR analysis ranged from 3 to 13 alleles per locus with a mean value of 9.1 alleles per locus. Lo et al. (2009) RAPD primers for 5 hawthorn genotypes, and 101 alleles were revealed with a mean value of 11.2 (Na). Rahmani et al. (2015) reported 18 ISSR loci for 164 hawthorn genotypes and found 254 alleles with a mean value of 14.11. In an experiment by Khiari et al. (2015) , 7 SSR loci were tested for 86 hawthorn genotypes, and the mean value of alleles was 2.89. Furthermore, Fang et al. (2017) studied 12 ISSR loci for 92 hawthorn genotypes and identified 298 alleles with a mean value of 25.25. Emami et al. (2018) published a total of 76 alleles from 11 SSR primers in the characterization of 201 hawthorn accessions. In our study, 265 alleles with a mean value of 8.28 were identified by 32 SSR primers in 91 hawthorn genotypes. The PIC was calculated as 0.60 in the current study but Khiari et al. (2015) and Emami et al. (2018) reported 0.89 and 0.60, respectively. In this study, He and Ho were 0.64 and 0.65, respectively, but Khiari et al. (2015) reported 0.66 and 0.42, and Emami et al. (2018) determined He and Ho to be 0.64 and 0.83, respectively. The PIC and He values in current study and those in Emami et al. (2018) were lower than the values obtained by Khiari et al. (2015) . Ho was also found to be lower in this study and Khiari et al. (2015) than the values reported by Emami et al. (2018) . These lower values may be the result of using different hawthorn genotypes and SSR primer numbers between the studies.
Moreover, the SSR-based structural genetic analysis and the UPGMA clustering produced similar results on the genetic relationships of the hawthorn genotypes. We used a total of 32 polymorphic SSR pairs, in which only 2 markers were used in earlier studies, namely CH02b10 in Zhang et al. (2008) and CH05g07 in Khiari et al. (2015) and Emami et al. (2018) . The remaining 30 markers were used for the first time in the current study. The clusters formed from all 32 markers. The markers with highest allele numbers and PIC values that were obtained from STRUCTURE and UPGMA data analysis can be used to identify genotypes. The highest number of alleles was obtained from the Hi05b09 loci, and the highest PIC value was obtained from C6554. The Hi05b09 and C6554 markers can be used further to investigate hawthorn genotypes. Our analyses prove that several genotypes are identical even though they were gathered from different geographical locations. Based on a genetic investigation, it is possible that Kadışehri2 and Karaelli1 are DK the same genotype. Similarly, Karaelli4 and Azizli1 and Ş ahintepe1 and Ş ahintepe2 may be the same genotype (Table 1 and Fig. 1 ). In addition, some genotypes such as Hattuşaş2, Kürkçü5, Eymir5, Ç amlık1, and Lök1 were close within the clusters and at the out-cluster genotypes. Several genotype pairs could not be separated, and Cezaevi3 was in the out-group of Cluster-III.
Conclusion
Despite the abundance of genetic sources of hawthorn in Turkey, this is the first molecular characterization study using SSR markers for hawthorn. There is very limited information in the literature on the genetics of hawthorn. We used SSR markers that were developed from apple and pear, which had satisfactory transferability and polymorphisms for the characterization of hawthorn genotypes. Novel SSR marker development in a species requires sequence information, and it is necessary to follow an expensive procedure to reveal the polymorphic SSR markers. Therefore, this study presents polymorphic SSRs for future genetic studies on hawthorn. A phenotypic characterization of the genotypes may also initiate future association mapping studies on hawthorn to detect the markers associated with economically important characters. Finally, the results of this study will help to manage hawthorn germplasm collections and assist with the decision on choosing parents for future cultivar breeding programs.
